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The TSPY gene is conserved in placental mammals and encodes the testis-specific protein, Y encoded. Within the testis, TSPY expression is
restricted to germ cells, and it is assumed that TSPY plays a role in the proliferation of germ cells. Since it was first discovered in humans, TSPY
orthologous gene families have been subsequently characterized in many mammalian lineages. In contrast to the situation in cattle and primates, in
which TSPY is organized in a moderately repetitive cluster, including functional members and pseudogenes, a peculiar situation is observed in
rodents, in which Tspy has been become low or single copy and degenerated to a pseudogene in some species of the subgenus Mus. We have
extended this approach and investigated Tspy gene evolution in the Syrian hamster (Mesocricetus auratus) and the Mongolian gerbil (Meriones
unguiculatus). Whereas the Syrian hamster Tspy is functionally conserved, organized in multiple copies, and expressed only in testis, the closely
related Mongolian gerbil possesses a single-copy pseudogene that is unable to generate a functional transcript. Thus, the Tspy locus has
degenerated at least twice at different points of rodent evolution, strongly supporting the hypothesis that the decay of Y-chromosomal genes is an
intrinsic evolutionary process. TSPY is the first example of a Y-chromosomal tandem repetitive gene whose decay could be studied in two
independent mammalian lineages.
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evolved from a pair of autosomes [1]. It is assumed that the
progressive suppression of recombination with the X chromo-
some led to an evolutionary decay of the Y chromosome [2].
Many eutherian X–Y gene pairs seem to be relics of this
ancestral proto-X and Y chromosome pair, and most of the Y-
chromosomal genes with X homologues are present in a single
copy, fulfill housekeeping functions, and are expressed
ubiquitously [3]. Their X homologues escape X inactivation,
thus guaranteeing double expression dosage in males and
females. Only a few Y-linked X-homologous members have
been preserved on the male-specific region of the Y
chromosome (MSY) through the acquisition of important⁎ Corresponding author. Fax: +49 511 532 5865.
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doi:10.1016/j.ygeno.2006.03.006male-specific functions [4]. Their X homologues are subject
to inactivation. They are testis-specific genes, and some of them
have undergone amplification in an apparent attempt at
avoiding degradation in a region that is devoid of crossing
over with the X chromosome [2].
One of these genes, TSPY (testis-specific protein, Yencoded),
is conserved in placental mammals and its expression is
restricted to the testis [5]. Within the testis, TSPY is expressed
in spermatogonia, spermatocytes, and round spermatids [6,7].
Topology and timing of TSPY expression in premeiotic germ
cells, the strong TSPY expression in testicular seminoma and
carcinoma in situ, and also the homology of TSPY to members
of the TTSN family that play a role in cell cycle regulation
suggest a role for TSPY in regulation of germ cell proliferation
[6,8]. TSPY is also one of the most probable candidates forGBY,
the gonadoblastoma locus onY chromosome, which predisposes
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gonadoblastomas [3,9]. Murine and human Tspx/TSPX genes are
located close to the Smcx/SMCX genes on the X chromosomes
and are subject to X inactivation [4]. TSPX is a synonym for
CDA1 (cell division autoantigen-1) and DENTT (differentially
expressed nucleolar TGF-β1 target), and different groups have
provided evidence that TSPX like TSPY is involved in cell cycle
control [10,11].
During mammalian evolution many X-borne partners on the
Y have undergone a spectrum of degradation, ranging from
becoming partially active to becoming inactive or being lost
completely [2]. This has happened in the primate lineage in the
degradation of KALP and STS within the MSYand in the loss of
UBE1Y from the Y chromosome [12–14]. Many Y-borne genes
show a wide spectrum of specialization and degradation
especially in rodents. While ZFY is a single-copy ubiquitously
expressed gene in humans, it is testis-specific in the mouse,
which carries two Zfy copies on the Y chromosome [15]. A
peculiar situation is also observed for the Tspy gene, which has a
variable copy number in different mammals. While TSPY is
organized as a repetitive gene family in human and cattle, it is
single or low copy in rodents [16–18]. Whereas Tspy is
functionally conserved and organized in a one- or two-copy
state in the genera Apodemus and Rattus, it is functionally or
physically lost in several species of the subgenus Mus [19,20].
To find out whether the diversity of structural and functional
states of Tspy observed in murine species is a more widespread
phenomenon among rodents, we extended our approach to
investigate the organization and evolution of the Tspy gene to
two other murid subfamilies, the subfamily Cricetinae and the
subfamily Gerbillinae. We demonstrate that the Syrian hamster
Tspy (subfamily Cricetinae) resembles the human and bovine
orthologue in almost all aspects of structure and expression,
while the gerbil gene, gTspy (subfamily Gerbillinae), has clearly
become nonfunctional.
Results
Isolation and characterization of Syrian hamster Tspy (hTspy)
Using mouse (mtspy2/mtspy7) and rat (rtspy5/rtspy1)
primers we amplified and subsequently cloned the Syrian
hamster (Mesocricetus auratus) Tspy gene over almost its
entire length (part of exon 1 to exon 6, GenBank Accession
No. DQ267928). Using the primer pair mtspy2/mtspy7, we
generated male-specific PCR products (1483 bp), spanning
exon 2 to exon 6 of Syrian hamster Tspy. Subsequent cloning
led to three genomic hTspy clones (phTspy4, phTspy6, and
phTspy24, Fig. 1A) that differed in sequence by 1 to 2%,
indicating that hTspy is present in at least three copies (named
hTspy1, hTspy2, hTspy3) on the hamster Y chromosome. The
genomic hTspy clones exhibited a continuous Tspy-related
potential ORF from exon 2 to exon 5, using the open reading
frame of rat Tspy (GenBank Accession No. NM_022923) as a
reference, and showed approximately 66% amino acid identity
and 80% amino acid similarity to rTspy. Y-specific PCR
products covering the 5′ part of hamster Tspy (part of exon 1to exon 2) were also generated with the primer pair rtspy5/
rtspy1. Cloning of the resulting products led to the 5′ clones
phTspy6.2 and phTspy7.2, which carried inserts of 1070 bp
and showed a nucleotide divergence of 0.65% (Fig. 1A). We
then derived two primer sequences, htspy10 (exon 2) and
htspy7 (exon 6), from the genomic Syrian hamster Tspy
sequence and used them in poly(dT) reverse transcription
(RT)-PCR analysis for amplification of testicular hTspy
transcripts. The resulting products (457 bp) were cloned
(pT1, pT2, pT3) and sequenced (Fig. 1A). The clones pT1 and
pT2 showed approximately 92% nucleotide identity to each
other, whereas pT3 and pT2 were identical in their sequence
and thus seem to have a common genomic origin. The clones
pT1 and pT3 differed from the clone pT2 with regard to its
splice pattern, by using an alternative splice donor site 8 bp
upstream of intron 5 (Fig. 1A). The nucleotide substitutions in
pT1 and pT2 (pT3) were confirmed by direct sequencing of
testicular cDNAs generated with the primer pair htspy10 and
htspy7. pT1 and pT2 (pT3) differed from the genomic clones
phTspy4, phTspy6, and phTspy24 by 11 to 13%, indicating
that there are at least two more hTspy copies (hTspy4 and
hTspy5) on the hamster Y chromosome. The cDNA clones
exhibited a continuous Tspy-related potential ORF from exon 2
to exon 5 that is similar to the rat (approximately 74% amino
acid identity, GenBank Accession No. NM_022923) and the
woodmouse Apodemus (roughly 73% amino acid identity,
GenBank Accession No. AF205112) counterparts. We then
performed two amplifications of 5′ RACE-PCR using hamster
Tspy primers (htspy 5.2 and the nested primer htspy11.2) from
exon 3 to generate cDNA products covering exon 1 to 3 from
hamster Tspy. Cloning and sequencing of the resulting
products led to the identification of the cDNA clone pnested2,
which encompasses the complete exon 1 and exon 2 and part
of exon 3 sequence of hTspy and exhibited a Tspy-compatible
ORF that shares 62 and 59% amino acid identity with the
corresponding woodmouse and rat counterpart, respectively
(Fig. 1A). To generate full-length cDNA and genomic hTspy
products we derived two primers from the hamster Tspy exon 1
sequence (htspy12, htspy13), combined each of them with a
primer corresponding to the 3′ end of hTspy (htspy7), and
generated Y-specific PCR and testicular cDNA products. The
resulting products were cloned and sequenced. The genomic
clone pVio1, flanked by htspy12/htspy7, carried a 3117-bp
insert (GenBank Accession No. DQ267928) and differed by
approximately 13% from the genomic clones phTspy4,
phTspy6, and phTspy24 but only by 0.6% from the genomic
clones phTspy6.2 and phTspy7.2 (Fig. 1A). The genomic
clone pVio1 and the cDNA clone pT1 corresponded in their
sequence overlapping regions, and it seems likely that both
clones originated from the same genomic copy (hTspy4).
pVio1 differed from the cDNA clones pT2 (pT3) and pnested2
by approximately 8 and 12%, respectively. The 1131-bp insert
of the cDNA recombinant plasmid pVio2 was amplified with
the primer pair htspy13/htspy7 from hamster testicular RNA
and encompasses the complete ORF of hTspy. pVio2 shows a
nucleotide divergence of 8.6% from the cDNA clone pT1 but
differs only by 0.4% from pnested2 and matches exactly the
Fig. 1. (A) Schematic drawing of the cloned hTspy cDNA and genomic sequences. The exons are indicated colored boxes. Given are the different clones and their
nucleotide and, in parentheses, their amino acid identity, and the sizes of the inserts are also provided in parentheses. Identities are given as percentages. The use of an
alternative splice donor site 8 bp upstream of intron 5 is indicated by a broken line. (B) Organization of the genomic gTspy clones and the aberrantly spliced gTspy
transcript (designated as cgTspy). (C) Schematic location of the deleterious mutations that lead to loss of functionality of gTspy (1–6, in parentheses) in comparison
with the rat Tspy gene. Nonsense mutations are indicated by asterisks, splice mutations by triangles, and missense mutations in italic letters. gTspy nonsense
mutations at positions 1, 619delC (exon 2); 2, 629–632delCCTC (exon 2); 3, 727insT (exon 3); and 4, 741–743delAAA (exon 3); the missense mutation at position
5, c805 G → T (exon 4); and the splice mutation (6) that destroys the splice donor site of intron 4 (GT → GA) led to nonfunctionality of gTspy. The mutational
events that destroyed the potential ORF of Tspy in murine evolution [20] are given in Roman numerals: I, c100C→ T (exon 1); II, intron 1/exon 2 del 24 bp; III, exon
3/intron 3 GT→ GA; IV, c984C→ A (exon 5). Position numbers use Rattus norvegicus mRNA as a reference (NM_022923). cDNA numbering begins with + 1 as
the A of the ATG initiation codon.
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seem to have a common genomic origin (hTspy5).
The splice pattern of hamster Tspy is in accordance with that
of the rat, woodmouse, and Mus platythrix [20]. Nearly all
splice sites of hamster Tspy followed the rule GT at the splice
donor and AG at the splice acceptor site and reached consensus
values (CVs) between 0.48 and 0.94 (Table 1). The splice donor
site of intron 5 is affected by a transition of GT→AT
(CV = 0.71), and it becomes apparent that this nucleotide
substitution promotes alternative splicing of the exon 5 to 6
border. The low CV of 0.48 at the exon 1/intron 1 boundary is
typical of the functional murine homologs. Comparisons of thecDNAs with the genomic sequences revealed that hamster Tspy
is composed of six exons of 679, 78, 112, 146, 94, and 55 bp
and five introns of 958, 134, 84, 100, and 685 bp in length. The
largest ORF of hTspy extends over 1014 bp, spans exon 1 to
exon 5, ends at the same position as in rat and Apodemus, and
corresponds to a 338-amino-acid peptide that shows roughly
66% amino acid identity to the closely related Apodemus and rat
Tspy peptides, respectively.
To analyze whether a testis-specific expression of hTspy is
also conserved in Syrian hamster, we performed RT-PCR and
Northern blot analysis with RNA from different tissues. RT-
PCR using the primer pair htspy10 (exon 2) and htspy7 (exon 6)
Fig. 3. (A) Northern blot containing 20 μg total RNA from hamster testis,
kidney, liver, and heart probed with radiolabeled hamster Tspy cDNA generated
with the primer pair htspy13/htspy7 using pVio2 as a template revealed a hTspy-
specific signal of 1.3 kb only in the testis. (B) To demonstrate the integrity of the
loaded RNA a hybridization with a hamster GAPDH cDNA [34] probe was
performed.
Table 1
Consensus values of the exon/intron boundaries according to Cooper and
Krawczak [35]
CV, consensus value according to Cooper and Krawczak [35]. Exon sequences
are indicated by capital letters, intron sequences by small letters. Hamster
splice donor and acceptor sites are shown in roman letters and gTspy splice
sites are shown in blue.
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sequence, only in the testis, while no products were amplified
from kidney, liver, heart, and lung tissues (Fig. 2). This result
was also confirmed by RT-PCR analysis (data not shown) using
the primer pair htspy16 (exon 3) and htspy7 (exon6) and by
Northern blot analysis using the insert of pVio2 as a probe that
showed a 1.3-kb hTspy transcript only in testis (Fig. 3). The
primers htspy10 (exon 2), htspy16 (exon 3), and htspy7 (exon
6) were capable of amplifying the five identified hTspy genes
hTspy1 to hTspy5. Sequencing and cloning of the amplified
testicular cDNAs revealed that only two of the five isolated
copies of hTspy are expressed, namely hTspy4 and hTspy5, and
that their expression is testis specific.
Sequence comparisons of the isolated genomic and cDNA
sequences revealed that hTspy is organized in at least five copiesFig. 2. (A) RT-PCR analysis of hTspy using primer pair htspy10 (exon 2) and
htspy7 (exon 6) of mRNA extracted from various tissues. (B) RT-PCR with
primer pair GAPDH sense and antisense of mRNA derived from various tissues.that showed up to 11% sequence divergence in coding regions.
The genomic clone pVio1 and the cDNA clone pVio2 originate
from two functional hTspy copies (hTspy4 and hTspy5) that are
9% divergent in their coding regions (Fig. 1A). To determine
hTspy copy number more precisely a quantitative Southern blot
analysis was performed (Fig. 4A). Different male-specific
signals of varying intensity were detected in HindIII- and
EcoRI-digested genomic DNA. The different signal strengths
are consistent with hTspy being present in at least 12 copies on
the hamster Y chromosome.
Organization and expression of gerbil Tspy (gTspy)
We identified a Tspy orthologous gene in the gerbil,
Meriones unguiculatus, by performing genomic PCR with
primers from mouse Tspy. The mtspy2/mtspy7 primer pair,
which flanks the 3′ end of the murine Tspy gene (exon 2 to exon
6), amplified a single male-specific product of 1376 bp,
indicating that this sequence was located on the gerbil Y
chromosome. Sequencing and cloning of the resulting product
led to two genomic gerbil Tspy clones (pGer1 and pGer12) that
harbored sequences corresponding to Apodemus, rat, and mouse
Tspy exons 2 to 6 (Fig. 1B). pGer1 and pGer12 were (with the
exception of two nucleotide substitutions in exons 3 and 4)
identical in sequence and showed 82% homology (position 334
to 661 in pGer1 and pGer12) to the corresponding region in rat
Tspy (GenBank Accession Nos. AJ001380 and DQ266090).
Sequencing of the corresponding genomic DNA sequence
revealed that the insert of pGer1 matched exactly to the genomic
level and that the two nucleotide substitutions in exons 3 and 4
are due to PCR artifacts. We then performed a PCR-based
Fig. 4. (A) Quantitative Southern blot of 15 μg female and male genomic
hamster DNA run alongside 1–30 copy equivalents of EcoRI-digested
recombinant plasmid phTspy6, which contains a genomic hamster Tspy insert
(exon 2–exon 6). Southern blot was hybridized with [α-32P]dCTP-labeled PCR
product amplified with the mouse Tspy primers mtspy2 and mtspy7 using
phTspy6 as a template. (B and C) 20 μg male or female Mongolian gerbil DNA
was digested with HindIII or EcoRI and size-fractionated side by side with 0.5,
1–4 copy equivalents of EcoRI-digested pGerPvuII19 (B) and pGer12 (C)
recombinant plasmids. Southern blots were hybridized with [α-32P]dCTP-
labeled PCR-amplified pGerPvuII19 (B) and pGer12 (C) inserts. pGerPvuII19
represents the 5′ portion of the gTspy gene (intron 1 to exon 2) and pGer12 the 3′
part of gTspy covering exon 2 to exon 6. Inserts were originally amplified from
male genomic DNA using the primer pairs gtspy2 and AP2 (pGerPvuII19) and
mtspy2/mtspy7 (pGer12).
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sequence. By performing two PCR amplifications with two
gene-specific primers (gtspy3, exon 3, reverse, and gtspy2,
intron 2, reverse) and the adapter primers AP1 and AP2 of
EcoRV, DraI, PvuII, StuI, and ScaI libraries, we generated,sequenced, and subsequently cloned (pGer PvuII 19) a 464-bp
gTspy-specific genomic fragment (Fig. 1B). This genomic
gTspy clone revealed 84% homology to the rat Tspy genomic
sequence (between nt 238 and nt 382 in pGer PvuII 19) and
encompassed part of intron 2, the complete exon 2, and 251 bp
of intron 1 of the gerbil Tspy gene. pGer PvuII 19 showed no
sequence variations with the genomic gTspy clones pGer1and
pGer12 in their sequence overlapping regions.
To identify gtspy transcripts in gerbil testicular RNA, two
primer sequences were derived from the genomic gTspy exon 2
(gtspy8) and exon 6 (gtspy7) sequence information. By
performing interexon RT-PCR with the primer pair gtspy8 and
gtspy7 we amplified and subsequently sequenced a product
from 263 bp of gerbil testicular RNA, a size that deviated from
the length (409 bp) predicted from the genomic level. The
cryptic exon/intron structure of gTspy was deduced based on the
comparison of the cDNAwith the corresponding 1324-bp male-
specific genomic sequence and the exon/intron borders of
functional Apodemus and rat Tspy genes (GenBank Accession
Nos. AJ001380 and AF205112). A comparison of the testicular
gTspy transcript with the corresponding DNA sequence
revealed that the amplified cDNA was composed of exon 2,
exon 3, exon 5, and exon 6, whereas exon 4 was not present.
With the exception of the splice donor site of intron 4, which
was impaired due to a transition of GT→AT (CV= 0.55, Table 1)
all exon/intron boundaries of gTspy corresponded to the
consensus sequences GTat the splice donor and AG at the splice
acceptor site and obtained CVs of between 0.75 and 0.94 (Table
1). The aberrantly spliced gTspy transcript showed no ORF
compatible with the rat or Apodemus sequences (GenBank
Accession Nos. AJ001380 and AF205112), and exons 3 and 5
contain stop codons. Using the Apodemus or rat Tspy open
reading frame as a reference, the longest extension of a Tspy-
specific ORF was 5 amino acids. The structure of the isolated
gTspy cDNA strongly suggests that gTspy had become
nonfunctional. Sequence comparisons between the largest rat
ORF and the trapped gerbil cDNA revealed six mutations (Fig.
1C), each of which would sufficiently cause nonfunctionality by
introducing premature stop codons and/or shifting the Tspy-
compatible ORF.
We then analyzed the tissue-specific expression pattern of
gerbil Tspy by performing interexon RT-PCR using the primer
pair gtspy8/gtspy7. In contrast to the testis-specific expression
of functional human, bovine, rat, and Apodemus TSPYgenes, the
expression pattern of gTspy appears to be not testis specific, as
cDNA products of 263 bp (due to exon 4 skipping) were
amplified from testis, lung, heart, kidney, and liver (Fig. 5).
Cloning and sequencing of the amplified cDNA sequence
revealed that gerbil Tspy is preferentially expressed in testis and
at low levels in the other tissues investigated. All analyzed
gerbil organs showed exclusively the deviant splice pattern
(exon 4 skipping) of gTspy.
Quantitative Southern blot analysis were performed on gerbil
EcoRI- or HindIII-digested genomic male and female DNAs, to
investigate the copy number of gTspy on the gerbil Y
chromosome, using PCR-amplified inserts of pGer12 (exon 2 to
exon 6) or pGer PvuII 19 (intron 1 to intron 2) as probe (Figs. 4B
Table 2
Sequence homology between Tspy introns 1–5 of hamster Tspy,gerbil Tspy, rat
Tspy, and mouse Tspy
Mesocricetus
auratus
Meriones
unguiculatus
Rattus
norvegicus
Mus musculus
Meso. auratus 733/1146
(18) 63.96%
1133/1834
(31) 61.78%
1216/1837
(28) 66.2%
Meri. unguiculatus 779/1084
(18) 71.86%
810/1121
(15) 72.26%
R. norvegicus 1535/1843
(24) 83.29%
Given are nucleotide numbers, percentage identity, and, in parentheses, the
number of gaps of more than 3 bp. Only the sequence of the genomic clone
pVio1 has been included for Meso. auratus. Mesocricetus auratus (Syrian
hamster), Meriones unguiculatus (Mongolian gerbil), Rattus norvegicus (rat),
Mus musculus (laboratory mouse).
Fig. 5. Expression analysis of gerbil Tspy. (A) RT-PCR analysis with primer pair
gtspy8 (exon 2) and gtspy7 (exon 6) of mRNA extracted from various tissues.
(B) RT-PCR with primer pair mGAPDH-F and mGAPDH-R of mRNA derived
from various tissues.
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and EcoRI-digested male genomic DNA, and signal strength
corresponded to those seen in the single-copy equivalents of
pGer12 and pGer PvuII, respectively. Thus, we conclude that
gTspy is a single-copy pseudogene on the gerbil Y chromosome.
Discussion
We have investigated the Tspy gene evolution in two murid
species, the Syrian hamster representing a member of the
subfamily Cricetidae and the Mongolian gerbil representing a
member of the subfamily Gerbillinae. We can show that Tspy
occurs inmultiplecopies in theSyrianhamster,whereas it is single
copy in theMongoliangerbil.Wehavecloned fivedifferenthTspy
genes (hTspy1 to hTspy5), andwe can show that only two of them
are functional and expressed in the testis. Although the genomic
clones phTspy4, phTspy6, and phTspy24 exhibit a continuous
Tspy-relatedpotentialORFfromexon2 toexon5and thus seem to
originate from functional hTspymembers (hTspy1 to hTspy3), we
werenot able toamplifyany transcripts byusingprimers thatwere
capable of amplifying all genomic copies.
While Meso. auratus Tspy resembles the human and bovine
orthologues in almost all aspects of structure and expression, the
gerbil gene, gTspy, has clearly become nonfunctional and lost its
testis-specific expression. Such an evolutionary loss of function
of the Tspy gene is not unique within the rodent order. Species
within the subgenusMus of the family Muridae have undergone
the same fate of gene silencing, including a loss of tissue-
specific expression [20,21]. It is likely that cis-acting sequence
elements directing the testis-specific expression of the Tspy
gene are no longer retained in gerbil and mouse [7] owing to the
loss of selective pressure.
The evolutionary systematics of the family Muridae, which
harbors more than 1300 species, is highly controversial [22]. In
the past, many muroid species such as gerbils had been placed
into the family Cricetidae rather than Muridae, based on dental
characters [23,24]. Musser and Carleton have divided the familyMuridae into 17 subfamilies that also include the subfamilies
Cricetinae, Gerbillinae, and Murinae [25]. Our own data are in
perfect agreement with the murid phylogeny proposed by
Michaux and Catzeflis [22], who used the LCAT gene for
phylogenetic analysis and favored a bushlike radiationwithin the
Muridae at the end of the earlyMiocene that led to the emergence
of most murid subfamilies, including the Cricetinae. Michaux
and Catzeflis also concluded a more recent separation between
the murid subfamilies Murinae, Gerbillinae, and Acomyinae
from a common ancestor. The similarity of sequence of the gerbil
and hamster Tspy genes to that of the rat and mouse homologues
(Table 2) also suggests a more recent divergence of the murine
and gerbil lineages and a later separation of the subfamily
Cricetinae: Direct comparison of Tspy intronic sequences from
rat and hamster yields a much lower homology (61.8%) than the
comparison of rat Tspy with its gerbil counterpart (71.9%).
We have identified six mutations (Fig. 1C), each of which
would affect the coding or splicing of gTspy and be sufficient to
cause loss of functionality. These mutations differed completely
from the nonsense and splice mutations that led to nonfunction-
ality of the murine Tspy gene [20]. It is obvious that different
mutational events led to nonfunctionality of the Tspy gene in
ancestors of the subfamily Gerbillinae and the subgenusMus of
the subfamily Murinae. It is not known which initial mutational
events led to nonfunctionality of Tspy in both lineages. It is
noteworthy, however, that in both lineages splice mutations are
highly represented among the inactivating mutations.
In contrast to human and bovine TSPY,whose ORFs extend
to exon 6 [5], the ORF of hamster Tspy ends at the same position
as in rat and Apodemus Tspy [18,20]. Apparently, this truncation
seems to be specific to the rodents.
Steppan et al. [26] have estimated the divergence time
between the Murinae and the Gerbillinae at between 20.6 and
22.5 Mya and calculated aMus/Rattus split of approximately 10
Mya (Fig. 6). The latter data are in accordance with the
divergence time estimated by She et al. [27] and Catzeflis et al.
[28,29]. It becomes apparent that Tspy genes degenerated at two
independent points of murid evolution: in the Deomyinae–
Gerbillinae lineage after the Murinae had diverged approxi-
mately 22 Mya [26] and roughly 4 Mya afterMus platythrix had
split from the ancestor of the subgenus Mus [20] (Fig. 6).
Fig. 6. Phylogeny of the Muridae showing divergence times estimated from molecular studies [22–25]. Divergence times are indicated by the scale below the
dendrogram in millions of years ago (MYA).
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ratchet” that genes in nonrecombining regions accumulate
deleterious mutations leading to an unavoidable loss of function
[30,31]. We have hypothesized that TSPY, as well as other Y-
chromosomal genes in the MSY that have acquired a male-
specific function, usually maintain functionality by being
repetitive, as the only mechanism available to escape from the
effects of deleterious mutations [21,5]. Although the TSPYgene
was retained by its amplification strategy for at least a few
million years, the situation in murine as well as gerbilline species
suggests that it could ultimately vanish in mammals altogether.
The independent loss of genes within the MSY in different
mammalian lineages has also been shown for the ubiquitin-
activating enzyme E1 (UBE1) genes in primate evolution [14].
TheUBE1 gene is located on the Y chromosome in most therian
mammals, is expressed specifically in testis, and seems to be
required for spermatogonial proliferation [14,32]. UBE1 genes
were completely lost from the Y at two independent points
during primate evolution: in the Old World monkey and
hominoid lineages and in an ancestor of the marmoset [14].
TSPY, however, is the first example of a Y-chromosomal tandem
repetitive gene whose decay could be studied in two independent
mammalian lineages, namely that of the subgenus Mus and the
Mongolian gerbil, while functionality was retained through copy
multiplicity in the Syrian hamster and Mus platythrix.
Materials and methods
Sample origins
Two male and female Meri. unguiculatus and Meso. auratus individuals
were gifts from Dr. Heike Pabst, Institute of Zoology, the University of
Hannover, Germany. All animals were kept two or three per cage in a room with
controlled light and darkness cycle (12 h light, 12 h darkness) and room
temperature of 21 ± 1°C. DNA was extracted from 0.1 g of tissue using the
phenol–chloroform method as described in Hogan et al. [33].
RNA preparation and Northern blotting
Poly(A)+ RNA was extracted using the Oligotex Direct mRNA Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer's recommendation.
Total RNAwas isolated from different tissues using the RNeasy Mini and MidiKit (Qiagen) according to the manufacturer's protocol. Twenty micrograms of
RNA was separated by electrophoresis on a 1.2% agarose gel containing
formaldehyde, blotted to Hybond-N+ nylon membrane (Amersham Pharmacia
Biotech, Freiburg, Germany), and hybridized with [α-32P]dCTP-labeled PCR
product (High Prime Kit; Roche Diagnostics, Mannheim, Germany) generated
with the hamster Tspy primers htspy13 (forward, CTTGGGTCTCGTGCA-
CATG) and htspy7 (reverse, AATTGAGCATCTTCATTAATGTC) using pVio2
as a template. pVio2 contains a 1131-bp hamster cDNA fragment covering the
complete open reading frame (exons 1, 2, 3, 4, 5, and 6), which was isolated
from hamster total testicular RNA by RT-PCR analysis with the primers htspy13
and htspy7. The 1131-bp fragment was cloned into the pCRII-TOPO plasmid
(Invitrogen, San Diego, CA, USA). Hybridization was carried out in
ExpressHyb hybridization solution (Clontech Laboratories, Palo Alto, CA,
USA) at 65°C overnight. After hybridization, the membrane was washed at
room temperature for 2 min in 2× saline sodium citrate (SSC), then for 3 min in
2× SSC at 63°C, and finally for 2 min in 0.5× SSC/0.25% SDS at 63°C.
Hybridization signals were visualized by X-ray autoradiography. The integrity
of RNAs was checked by rehybridization with a hamster glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA probe [34], which was amplified
with the GAPDH sense (GTCATCATCTCCGCCCCTTCTGC) and GAPDH
antisense (GATGCCTGCTTCACCACCTTCTTG) primers using the recombi-
nant plasmid phgapdh1 as a template. phgapdh1 contains a hamster GAPDH
cDNA insert, which was isolated from hamster testicular RNA by RT-PCR
analysis with the primers GAPDH sense and GAPDH antisense.
PCR, PCR-based genome walking, RT-PCR, rapid amplification of
cDNA ends (RACE)-PCR, and product cloning
Amplification of genomic DNA, recombinant plasmid DNA, or cDNAwas
performed by PCR with 10 pmol of each primer and 1 unit of Taq polymerase
(Qiagen) in a 30-μl reaction volume. Standard conditions were denaturation at
95°C for 5 min; 35 cycles of 1 min at 95°C, 1 min annealing, 1–3 min incubation
at 72°C; and a final extension at 72°C for 10 min. For amplification of hTspy
genomic sequences the rat Tspy primers rtspy5 (GGCATTCCAGGCTTCGGG)
and rtspy1 (CCAACTGACCTCCAAGCTCAAC) were also used. The
Universal Genome Walker Kit technique (BD Biosciences Clontech, Palo
Alto, CA, USA) was used for a PCR-based genome walking approach following
the protocol of the manufacturer. This technique allows the amplification of an
unknown DNA region, in the present case part of intron 2, the complete exon 2,
and part of intron 1 of the gerbil Tspy gene, adjacent to a known DNA region,
i.e., gTspy exons 2 to 6. Genomic male gerbil DNA was digested separately
using five different restriction enzymes that generate blunt ends: DraI, EcoRV,
PvuII, ScaI, and StuI. The digested genomic DNAwas then ligated separately to
the Genome Walker Adaptator to create Genome Walker libraries. An aliquot of
each Genome Walker library was used as template in a PCR amplification with
the adaptor primer AP1 and the gene-specific primer gtspy3 (ATCCTCAGCT-
CATTGTTGTACTCCTCC). The resulting PCR products were diluted and
subjected to a nested PCR amplification step with the adaptor-specific primer
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GAGCCCAC). Amplifications were performed according to the manufacturer's
instructions. PCR was performed with 100 ng of DNA, 10 pmol of primers,
1.5 mM MgCl2, 200 μM dNTPs, 5 U Taq Plus Long polymerase (Stratagene,
Heidelberg, Germany) in 50 μl of TaqPlus Long high-salt buffer (Stratagene).
PCR was performed for 7 cycles (94°C for 10 s, 72°C for 6 min) followed by 32
cycles (94°C for 10 s, 67°C for 6 min), with a final elongation step at 67°C for
10 min. Nested PCR was performed with 1 μl of PCR product, under the same
conditions as for the first PCR. Amplification was performed for 5 cycles (94°C
for 10 s, 72°C for 9 min) followed by 20 cycles (94°C for 10 s, 67°C for 9 min),
with a final elongation step at 67°C for 9 min. RT-PCR analyses were carried out
with cDNAs reverse transcribed from total RNAs using the First-Strand cDNA
Synthesis Kit (Amersham Pharmacia Biotech) according to the manufacturer's
instructions. cDNA synthesis was primed with the poly(dT) primer supplied
with the kit. Gerbil Tspy primers for RT-PCR were gtspy8 (ACTACTTGTT-
GAGCTTGGAG) and gtspy7 (GGTGCACCTTCATTAATGTTC) and for the
Syrian hamster htspy10 (CATCACCAACCAAGATGAAG), htspy7 (AATT-
GAGCATCTTCATTAATGTC), htspy12 (GAAGCATTGAAGGCCCCTG),
htspy13 (CTTGGGTCTCGTGCACATG), and htspy16 (CTSAGGATGTG-
CAGGATGAT; S = C or G). For integrity of the generated gTspy cDNAs a RT-
PCR with the primer pair mGAPDHF (GAAGCTTGTCATCAACGG-
GAAGCCC) and mGAPDHR (GCATCGAAGGTGGAAGAGTGGGAGT)
was performed. RACE was performed in accordance with the manufacturer's
recommendations (Clontech) using poly(A)+ RNA extracted from Syrian
hamster testicular tissue. The first RACE-PCR using the adapter primer AP1 and
the hTspy-specific primer htspy5.2 (CTCATTCCAGAWGTATGGGTTGT,
W = A or T) was followed by nested PCR with the nested adapter primer
AP2 and the hamster-specific primer htspy11.2 (GAAAAWMATCAYCCTG-
CACATCC; M = A or C, Y = C or T, and W = A or T).
PCR-, RT-PCR-, and RACE-PCR-amplified products were cloned using the
TOPO TA Cloning Kit Dual Promoter with the pCRII-TOPO plasmid
(Invitrogen) or the Zero BluntTOPO PCR Cloning Kit with the pCR-Blunt II
TOPO vector.
DNA sequencing and sequence analysis
Sequencing of recombinant plasmid DNA and RT- and PCR fragments was
performed with the ABI Prism 310 genetic analyzer (PE Applied Biosystems,
Vaterstetten, Germany), using the ABI Prism Big Dye Terminator Cycle
Sequencing Ready Reaction Kit (PE Applied Biosystems). Sequence analyses
were carried out with the program GAP using the Needleman and Wunsch
algorithm, which is included in the HUSAR software provided by the EMBL
(Heidelberg, Germany). The standard parameters used were a gap weight of 5.0
and a gap length of 0.3.
Southern blotting
Fifteen micrograms each of genomic male and female Syrian hamster and
20 μg each of male and female Mongolian gerbil DNA were digested with
HindIII and EcoRI and size-fractionated in a 0.8% agarose gel in TAE buffer and
vacuum-transferred to Hybond-N nylon membranes (Amersham Pharmacia
Biotech). A Southern blot of female and male HindIII- and EcoRI-digested
genomic hamster DNA run alongside 1, 3, 4, 5, 7, 10, 20, and 30 copy
equivalents of HindIII-digested recombinant plasmid phTspy6, which contains a
genomic hamster Tspy insert covering exons 2 to 6, was performed. This
Southern was hybridized with [α-32P]dCTP-labeled PCR product (High Prime
Kit; Roche Diagnostics) generated with the mouse Tspy primers mtspy2
(AAGATGAAGACTTACTGAACTAC) and mtspy7 (CCAGTATTTATCT-
CAGTCAATTCC) using phTspy6 as a template. HindIII- and EcoRI-digested
male and female Mongolian gerbil DNAwas electrophoresed side by side with
0.5, 1, 2, 3, and 4 copy equivalents of EcoRI-digested pGer12 (exon 2 to exon 6)
and pGerPvuII19 (intron 1 to exon 2) recombinant plasmids and hybridized with
[α-32P]dCTP-labeled pGer12 and pGerPvuII19 inserts, respectively. pGer 12
harbors a 1376-bp genomic fragment covering exon 2 to exon 6, which was
generated with the primer pair mtspy2 and mtspy7. pGerPvuII19 represents the
5′ portion of the gTspy gene (intron 1 to exon 2) and contains a 464-bp insert,
which was amplified from male genomic DNA using the primer pair gtspy2(reverse, intron2, ATCACTATGTGTGCAATGAGAGCCCAC) and AP2 (AC-
TATAGGGCACGCGTGGT from the Universal Genome Walker Kit; Clon-
tech). Hybridization was performed under stringent conditions (Church's
hybridization at 63°C, buffer 0.25 M NaPO4, pH 7.2, 7% SDS). Blots were
washed once with 2× SSC at room temperature, then with 2× SSC at 63°C for
3 min and with 0.5× SSC/0.25% SDS at 63°C for 2 min, and finally for 2 min in
0.1× SSC/0.1% SDS at 63°C. The membranes were exposed directly to a Fuji
BAS MP 2040S imaging plate for 1 day and images were read on a Fuji BAS
1000 phosphoimager (Fuji, Miyamodai, Japan). The relative intensities of the
radioactive signals at each location were quantified using PCBAS version 2
software (TINA 2.0; Raytest, Straubenhardt, Germany). Hybridization signals
were also visualized by X-ray autoradiography.
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